Introduction
The continental interior of North America hosts a large number of drought-sensitive eolian landscapes, and drought reconstructions from these active or episodically active areas can provide insight into the natural variability and magnitude of past drought (Forman et al., 2001) . The Nebraska Sand Hills (Figure 1a ) represent the largest contiguous grassstabilized dune region in North America, extending over an area of more than 50,000 km 2 (Swinehart, 1990; Loope and Swinehart, 2000; Nicholson and Swinehart, 2005) , and with sand dunes that reach heights of up to 130 m (Swinehart, 1990) . The contemporary landforms were formed primarily by prevailing NW-SE winds (Ahlbrandt and Fryberger, 1980) ; today these winds typically exceed the threshold velocity for sand entrainment (5 m s −1 ) about 50% of the time (Muhs et al., 1997) . Effective moisture (precipitation-evapotranspiration) is the key driver of vegetation density, which, in turn, is responsible for the stability of the sand dunes (Muhs and Maat, 1993) . Today, typically during spring and summer, especially between May and July, strong southerly-to-southeasterly winds pass over the Gulf of Mexico, transporting moisture into the central Great Plains (Wilhite and Hubbard, 1998) . This growing season moisture sustains dune-stabilizing vegetation. However, in the recent past, extensive drought has reduced the grass cover, resulting in widespread dune migration (Stokes and Swinehart, 1997; Loope and Swinehart, 2000) .
A critical component of this landscape that distinguishes it from many other dune fields is the presence of interdunal lakes and wetlands, which together cover an estimated area of more than 700 km 2 (Rundquist, 1983) . Most of these waterdominated environments are hydrologically connected to the underlying groundwater system of the High Plains Aquifer (Timer, 2003) , and their water budget is a manifestation of the height of the local water table. Some lake basins are isolated from the regional groundwater system and respond to climate variation (P-E) more rapidly .
Holocene paleoclimatic evidence from the Nebraska Sand Hills region is predominantly derived from paleosols and eolian sediments (Stokes and Swinehart, 1997; Goble et al., 2004; Miao et al., 2007; Forman et al., 2005) , as well as from a limited number of studies of wetland and marsh systems (Mason et al. 1997; Nicholson and Swinehart, 2005) . Optically stimulated luminescence (OSL) dating of sand and loess deposits, in conjunction with radiocarbon dates from paleosols interspersed between dune deposits, provides evidence of the timing of droughts that destabilized the dune fields in the past. Results from OSL dating suggest that the Sand Hills of Nebraska experienced a series of recurring and long-lasting droughts over the course of the Holocene (Stokes and Swinehart, 1997; Goble et al., 2004; Miao et al., 2007) . A synthesis of the eolian data suggests at least three periods of increased dune activity during the mid and late-Holocene: 3800 ± 300 a, 2500 ± 100 a, and 850 ± 150 a (Nicholson and Swinehart, 2005; Miao et al., 2007 ). Yet, high-resolution studies of Holocene dune activity are limited for this region, and as a consequence, it is unclear whether these intervals of major drought were spatially extensive or more localized. Today, the Sand Hills region spans a large precipitation gradient, ranging from about 400 mm a −1 in the west to more than 600 mm a −1 in the eastern part (Wilhite and Hubbard, 1998) . Whether this gradient was similar in the past is unknown, and it is unclear how climate variation across the region might have influenced dune activity.
Although geomorphic studies have provided an impressive record of regional drought, their temporal resolution is limited, and they only provide a record of landscape destabilization, not of the antecedent conditions that triggered that response. Lake and wetland studies can yield higher temporal resolution and have the potential to provide evidence of the magnitude and duration of the droughts that led to dune activation based on analysis of sedimentology, biota, and/or geochemistry (Fritz, 2008) . Diatoms are among the lacustrine proxies that can be used to reconstruct past drought, because of their sensitivity to lake-level and geochemical shifts driven by changes in effective moisture Fritz et al., 2010) . Lake and wetland sediments also represent another aspect of the broader landscape response to drought that can complement eolian records. Here we present an analysis of diatoms in five late-Holocene lacustrine records spanning an east-west transect across the Nebraska Sand Hills to reconstruct Holocene drought variation at higher temporal resolution than in previous regional studies. In particular, we focus on the following key questions:
1. Are there common intervals of change among the five study sites? If so, do they show similar changes or site-specific responses? 2. How do these lake records compare with other regional records of climate change, particularly the eolian records? 3. How do these records relate to other records from the Great Plains and western U.S., and what does this suggest about environment and climate?
Regional setting
Central and western Nebraska host a number of small groundwater-fed wetlands and lakes that accumulate peat and lake mud (Steinauer et al., 1996) . Lakes and wetlands are especially abundant along ancient channel beds that drained either southeastward into the North Loup River or northeast into the Niobrara River ( Figure 1a ). All occur in interdunal valleys in between linear or barchanoid dunes, which can reach heights of more than 60 m in our study area. Topographic relief and the relative location of lakes in the groundwater flow system can have a strong influence on their hydrologic and chemical character (Gosselin et al., 2006) . As a result, in Sand Hills lakes, Total Dissolved Solids (TDS) can range from 200 mg L −1 to more than 100,000 mg L −1 (Gosselin, 1997) , and alkalinity can vary from ~0 to more than 90,000 mg L −1 (Schnagl, 1980) . Much of this spatial variation in ion chemistry is a product of the relative role of groundwater in the water budget Bennett et al., 2007) , as well as the age of individual lakes (Gosselin, 1997) . The westernmost of the five study lakes (Figure 1b ) is Round Lake (42°25′48″ N, 101°33′34″ W; elev. 1064 m), which is approximately 2.5 m deep (z max ) in the center of the basin (Daniels, 2001) , and its shoreline length is about 4.5 km. Alkalinity of ~170 mg L −1 was recorded during the summer of 1957 by McCarraher (1977) . Round Lake is situated about 9 km west of the Twin Lakes (Figure 1c ). The Twin Lakes (42°24′30″ N, 101°26′20″ W; elev. 1045 m) consist of two small lake basins (each ca 3.5 km in shoreline length) that are surrounded by large barchanoid dunes. Presently, East Twin is without water due to artificial drainage. Alkalinity measurements were recorded by McCarraher for East Twin Lake (1205 mg L −1 ) in December of 1959 (McCarraher, 1977 . No chemistry data are available from West Twin. Located about 60 km to the east of the Twin Lakes is Beaver Lake (42°27′35″ N, 100°40′08″ W; elev. 905 m) (Figure 1d ). It is situated in an interdunal valley within immediate proximity to stabilized linear dunes. Beaver Lake is similar in size to Round Lake and is ca 3.5 m deep. Swan Lake (42°09′55″ N, 99°02′06″ W; elev. 702 m) (Figure 1e ) is about 140 km to the east of Beaver Lake, near the eastern boundary of the Sand Hills. Dunes in the eastern part of the Sand Hills are smaller overall, and the relief is generally not greater than 40 m. Swan Lake has a maximum depth of ~3.5 m. With a shoreline length of ~5 km, it represents the largest lake among the five study sites. The lakes in this study are without surface inflow or outflow (topographically closed), although Beaver Lake is hydrologically connected to Rat Lake to the east, which in turn has no surface outlet (Figure 1) .
In most Sand Hill lakes, the combination of strong winds and shallow depth do not promote conditions for seasonal stratification, and most lakes are isothermal, regardless of season (La Baugh, 1986 ). Usually, the 1% level of surface light does not penetrate to the bottom in Sand Hill lakes deeper than ~1 m, because of the high turbidity. Secchi disk transparency, a common method to measure water clarity, is commonly less than 55 cm, because of the shallow water depths and strong winds, which keep particulate matter suspended in the water column. Recent studies of lakes in the Sand Hills region suggest considerable seasonal and spatial variation in nutrient limitation, conductivity, and alkalinity (Salm et al., 2009 ).
Materials and methods

Field
Round Lake was cored from a raft during the summer of 1999. A 230 cm Nesje piston core (7.2 cm diameter) and a 25 cm Glew core (6.3 cm diameter) were retrieved from near the center of Round Lake within 2 m of each other. Beaver Lake was cored in July 1995 with a Livingstone-Wright square-rod piston corer (5 cm diameter) at the deepest part (2007), were obtained by vibracoring (Last and Smol, 2001 ). The vibracore of West Twin Lake was taken from the edge of the lake basin, while the cores from East Twin Lake and Swan Lake were taken from the center of the lakes.
Chronology
In most cases, the chronology for the cores is based on linear interpolation of accelerator mass spectrometry (AMS) radiocarbon dates of terrestrial charcoal, seeds, plant fragments, and bulk sediment (Table 1 ). All AMS dates were calibrated to calendar years BP using CALIB 5.0.1 (Stuiver and Reimer, 1993) and are presented with two sigma error ranges. The top 30 cm of the Round Lake core was sampled in 5 cm increments for 210 Pb dating. Prior to analysis, samples were dried and homogenized. The dates were obtained by using the Constant Rate of Supply (CRS) model (Appleby, 2001 ) on the activity data (Daniels, 2001 ).
In addition, we sampled a stratigraphic section of the dune field immediately north of East Twin Lake for OSL dating, using 90-150 μm quartz grains under the Single Aliquot Regenerative protocol (Murray and Wintle, 2000) . A second vibracore was obtained from Swan Lake at approximately the same location as the primary core in order to date two conspicuous sand layers within the core ( Table 2 ). The OSL ages from the lake sediment core were integrated in constructing the chronology of Swan Lake.
Diatoms
Diatom analyses at decadal to multi-decadal resolution were carried out from lake sediments of all five sites. All cores were sampled for diatoms in 1-4 cm intervals, and diatom samples were prepared according to standard techniques (Battarbee, 1986) . At least 300 diatom valves from each interval were counted in transects under oil immersion on a Zeiss Axioscop 2 plus microscope with a 100× objective. Primary taxonomic references used for all lakes were Reimer (1966, 1975) and Krammer and Lange-Bertalot (1986 , 1988 , 1991a , 1991b .
Multivariate numerical analyses
In order to compare the five records, we developed diatom zonation schemes at each site on the basis of stratigraphically constrained cluster analysis. The software PSIMPOLL 4.10 (Bennett, 2002) was used, which applies an incremental sum of squares (CONISS) algorithm and, in conjunction with a broken-stick model, demarcates significant zones. Species with relative abundance >2% were used, and data were square-root transformed prior to analysis so that the data approximated a normal distribution pattern. The resultant dissimilarity coefficient is chord distance.
A transfer function generated from modern diatom samples and depth data from 69 lakes across Nebraska (Shinneman et al., 2010) was applied to generate diatom-inferred water depth reconstructions for each site. Quantitative inferences of depth in these lakes are complicated by high seasonal variability and by the inter-relationship of depth and multiple other variables that affect diatoms, particularly light and nutrient concentrations. None-the-less water depth showed significant independent explanatory power (r 2 = 0.83, r 2 boot = 0.61) in terms of diatom distribution when the measured lakedepths were compared to diatom-inferred depths. The predictive power of this model was assessed using a weighted-averaging approach with classical de-shrinking and bootstrap error estimation in C2 software (version 1.4; Juggins, 2003) . The strength of each model was evaluated using the crossvalidated coefficient of determination (r 2 ) and the root mean square error (RMSE = 0.13 log (meters)). A validation step of bootstrapping with 1000 cycles was used to generate a bootstrapped coefficient of determination (r 2 boot ) and a root mean square error of prediction (RMSEP = 0.31 log (meters)), which more realistically portrayed error estimates . Prior to analysis, depth measurements were log-transformed to ensure normal distribution of the data.
Z-scores or normalized scores were calculated from lakedepth reconstructions of each lake basin from equally-spaced time intervals (20 a) to aid in the identification and interpretation of regional versus local drought episodes across the sites. The formula for the z-score calculation is based on: z = (x−μ)/σ, where x = raw score, μ = mean of the population and σ = standard deviation of the population.
A spectral analysis using the multi-taper method (MTM) (Mann and Lees, 1996) was performed on individual diatom species, groups of species, and diatom indices in order to identify significant frequencies of variation in each of the lake sites. Prior to spectral analysis, records were re-sampled to create uniformly spaced time series and normalized to unit variance using the program Analyseries (Paillard et al., 1996) .
Grain-size and sand concentration
A grain-size analysis was performed on 0.5 g of wet sediment at 2 cm intervals on the Beaver Lake core using a Coulter Laser Diffraction unit. If present, secondary carbonates were removed with a 10% HCl solution. Organic matter was removed by adding 3 ml of concentrated hydrogen peroxide (30%) to each sample. 10 ml of 1M NaOH were added for the removal of biogenic silica. The sand samples were then separated into five different size fractions (D10, D25, D50, D75, and D90). From these five size fractions, we calculated the mean grain-size and compared it with other proxies. For the Swan Lake and East Twin records, sand concentrations (expressed in % dry weight) were measured in 4 cm increments. Samples were treated with HCl (hydrochloric acid) and H 3 PO 4 (phosphoric acid) to remove carbonates and organic matter, respectively. Diatom frustules were subsequently removed by wet sieving through a 0.062 mm sieve and treating the remaining sand fraction with 3% HF for 1 min. The samples were then decanted, washed three times, and finally dried.
Results and discussion
Chronology
Age models suggest that Round Lake and East Twin Lake have relatively simple depositional histories with continuous sedimentation (Figure 2 ). Beaver Lake and West Twin Lake, in contrast, had relatively slow depositional rates between 3300 and 1500 cal a BP. A similar break in sedimentation (~2900-1700 cal a BP) was reported from wetland records of the nearby Jumbo Valley ( Figure 1f ) and was attributed to a decrease of organic matter accumulation caused by drier climate or removal of peat by fire (Nicholson and Swinehart, 2005) . The age of the lower section in the Swan Lake record, particularly the thick sand deposit, is uncertain, because of three conflicting ages. The midpoint of the lower OSL age deviates by more than a hundred years from the two radiocarbon ages below, making a linear interpolation between these ages impossible. However, the large age errors inherent in the OSL date allows for the correlation of its lowest age with the oldest age range of the radiocarbon date below (Figure 2 ). This age model represents a better fit in terms of simultaneous changes in diatom stratigraphy when Swan Lake is compared with the other lakes.
Paleolimnology of individual sites
The diatom records of all five Sand Hills lakes are broadly similar in terms of community structure and dominant taxa. Age-depth models of all lakes derived from linear interpolation between calibrated 14 C, OSL, and 210 Pb ages (see Table 1 ). Calibrated radiocarbon ages are based on AMS dates of terrestrial grass charcoal and seeds and error bars represent 2 sigma. The dotted line in the Swan Lake age model represents the best correlation fit between the oldest OSL and carbon dates.
Round Lake
Unstructured sands characterize the base of the Round Lake core (2800-2300 cal a BP). The sands are thought to be related to deposition of a dune blockage of the paleovalley, which led to the formation of Round Lake. Similar scenarios of dunes blocking ancient riverbeds have been documented in the western Sand Hills (Loope et al., 1995) . The diatom record (Figure 3) , just below the first zone (2500-2400 cal a BP), is characterized by the presence of ~20% planktic A. ambigua/granulata and a significant abundance (>25%) of benthic Naviculoid species, suggesting a sudden rise in lakelevel following formation of the basin by dune blockage. Zone R-1, in turn, is largely characterized by periphytic (attached to plants) species, including N. frustulum, Gomphonema spp., and Navicula spp. and the loss of virtually all plankton, attesting to shallower water conditions between ~2500-2300 cal a BP. N. frustulum has a wide salinity tolerance (0.35-620 g L −1 ) (Wilson et al., 1996) . Elevated abundances of this species were found in surface-samples from Sand Hills lakes that have high conductivities and alkalinities (Shinneman et al., 2010) . This suggests that in this interval, Round Lake was considerably more alkaline than in recent times.
A sharp increase of A. ambigua/ A. granulata in Zone R-2, at around 2300 cal a BP, and a concomitant decline of N. frustulum and R. gibba, marks a brief increase in lake-level and effective moisture that lasted about half a century (2300-2250 cal a BP). Both A. ambigua and A. granulata are common planktic species and often occur during turbulent mixing (Anderson, 2000) , when light availability is low and Si:P ratio is high. Both species are characteristic of eutrophic to mesotrophic temperate lakes (Brugam and Speziale, 1983) . Benthic diatoms subsequently dominate the system during zone R-3 (2250-1350 cal a BP), suggesting a return to low lake-levels and low effective moisture. A diatom-inferred lake-level reconstruction suggests particularly low stands between ~1500 and 1300 cal a BP (Figure 3) , and OSL ages of dunes adjacent to Round Lake and nearby Cottonwood Lake also suggest dune activity as a result of drought conditions, centering around 1390 ± 130 a (Forman et al., 2005) .
Zones R-4 and R-5 (1350-900 cal a BP, Figure 3 ) are characterized by the dominance of A. distans (~60% of the assemblage) and a reduction in N. frustulum and other common benthic diatoms. A. distans is a bog and wetland species (Brugam and Swain, 2000) , which typically occurs in low alkalinity systems (19-32 meq L −1 , Davis et al., 1994) . In this context higher Figure 3 . Top -Round Lake diatom stratigraphy and diatom-based zonations plotted against time (cal a BP). Zonations are based on CONISS algorithm with significant clusters identified by the broken-stick method. The x-axis represents percent abundance, the y-axis age is calibrated years BP. Bottom -Diatom summaries of the relative abundance of planktic, benthic, and tychoplanktic species and the diatom-inferred lake-level reconstruction.
abundances probably represent episodes of lake-level decline and alkalinity values considerably lower than those in recent decades, as a result of reduced groundwater input. The taxon was not found in any of the 69 lake surface-sediment samples that make up our training set, but we equate high abundances with lowered lake-levels that produced a wetland, similar to the fens that are common in the Sand Hills region nearby. This species also occurs in West Twin Lake and Swan Lake between ca1250-400 cal a BP (see below), albeit with lower percentages compared with Round Lake.
The diatom stratigraphy of zones R-6 through R-9 suggests generally higher lake-level (900 cal a BP -present). A brief lake-level rise occurred during the first half of zone R-6, between 950 and 880 cal a BP, as indicated by the replacement of A. distans by A. ambigua and A. formosa. The diatom-inferred lake-level reconstruction suggests a relatively quick increase to an unprecedented high-stand, followed by a short low lake stand until around 770 cal a BP. This interval is known for its eolian activity throughout the Sand Hills region (Nicholson and Swinehart, 2005; Miao et al., 2007) and coincides with the Medieval Climate Anomaly (MCA), a period of widespread hydrological anomalies throughout western North America . The last 770 years of the Round Lake record is dominated by A. ambigua/A. granulata and suggests a return to relatively high lake-levels and higher effective moisture. This overall stable period is interrupted by a single brief drought episode at ~700 cal a BP, based on a short spike of small tychoplankton. This corresponds with eolian activity recorded in dunes adjacent to Round Lake and Cottonwood Lake (Forman et al., 2005) . No evidence was found in the diatom record to suggest drought conditions at 470 ± 40 a as reported by Forman et al. (2005) .
Twin Lakes
The records of these two lakes are similar with respect to the major changes in species composition, in particular the coincident occurrence of S. niagarae at the base of the sequence, the rise of small Stephanodiscus spp. ~3300 cal a BP, the dominance of Aulacoseira spp. and Stephanodiscus spp. from 3300 to 650 cal a BP, and the increase of Achnanthes spp. at around 650 cal a BP (Figure 4 and Figure 5 ). However, the fluctuations in diatom abundance differ in magnitude between the two lakes, and a few intervals show divergent signals. These discrepancies are likely a manifestation of coring location in relation to shoreline proximity. The West Twin Lake vibracore was obtained from the edge of the lake, while East Twin Lake was cored at the lake center. Therefore, the diatom community of West Twin Lake consistently shows a stronger benthic signature and is less variable than the East Twin Lake core from the lake center.
According to the diatom-inferred depth reconstruction (Figures 4 & 5) , lake-level was relatively low in both lakes between 4000 and 3800 cal a BP (zones W-1 & E-1), as suggested by the large populations of small tychoplanktic alkaliphilic Fragilariaceae, which have relatively shallow depth optima in the calibration set. These taxa have been found in a wide range of environments (Westover et al., 2005) , but the most important factors controlling their distribution may be light and tolerance of physical disturbance (Anderson, 2000) . A rise in A. ambigua and S. niagarae, planktic taxa with moderate depth optima, and a concomitant decrease in tychoplankton, suggest rising lake-levels between 3800 and 3500 cal a BP (zones W-2 & E-2). S. niagarae is a common planktonic species in eutrophic lakes in the northern United States and Canada (Theriot and Stoermer, 1981; Theriot, 1987; Håkansson and Kling, 1989) , including in eutrophic prairie lakes in Minnesota (Brugam and Speziale, 1983) .
Large increases in tychoplankton (zone W-3) and benthic N. palea and N. amphibia (zone E-3) indicate falling lake-levels between 3500 and 3300. The following period (3300-1250 cal a BP) is generally characterized by moderately high lake-levels, as indicated by dominance of A. ambigua and small Stephanodiscus spp. Modern ecological data from surface-sample calibrations indicate that the small Stephanodiscus spp. (S. minutulus, S. parvus, and S. hantzschii) are planktic taxa that are characteristic of high phosphorus concentrations (Bradbury, 1988; Cumming et al., 1995; Reavie et al., 1995) and moderate to high lake-levels in the Nebraska calibration set (Shinneman et al., 2010) . This overall period of moderately high lake-levels is interrupted by two dry intervals (~2500 and ~1900 cal a BP) with high abundances of N. amphibia, a diatom with very shallow depth optima in modern samples. This inferred dry interval overlaps with the interval of slow sedimentation (Figure 2 ) observed in the core. Between ~1250 and 1000 cal a BP, diatom assemblages indicate modest lake-level decline evident in the increase in tychoplanktic species at West Twin Lake and to a lesser degree in East Twin Lake.
Between ~1000 and 700 cal a BP (zone W-6), increasing numbers of A. ambigua in the littoral core from West Twin Lake suggest low-light conditions, possibly associated with greater mixing by wind and likely increased sand influx. In the central core from East Twin Lake, A. ambigua also increases around this time while benthic diatoms, such as N. amphibia decline. The decline in benthic diatoms produces an inferred lake-level increase (Figures 4 & 5 ), but it is also possible that this decline is driven by either decreased light for benthic species and/or reduced littoral benthic habitat, rather than a true lake-level increase. The interval between ~1000 and 700 cal a BP coincides with the MCA and the extensive regional drought that has been reported from many sites in the Nebraska Sand Hills (Miao et al., 2007) . Four OSL dates obtained from the top 7 m of the sand dune immediately northwest of East Twin Lake ranged between 900 and 720 cal a BP, demonstrating local eolian activity during this period (Table 2) . Moreover, weight % sand concentrations from both East Twin Lake and the neighboring Jumbo Valley site (Nicholson and Swinehart, 2005) reveal increased sand influx ( Figure 5) . Thus, there is considerable evidence for eolian activity as a result of a lowered local water table caused by extensive drought.
Most of the uppermost record is absent in East Twin Lake but in West Twin Lake, the period between 700 and 400 cal a BP (zone W-7) is characterized by a distinctive increase of tychoplanktic Pseudostaurosira and of epiphytic Achnanthes spp., suggesting continued low lake-levels and dry conditions. The diatom-inferred depth reconstruction, in contrast, indicates highly fluctuating lake-levels during this period. Aside from the increase in tychoplankton, which does not clearly reflect the direction of lake-level fluctuations in our data set, the abrupt increase of the epibenthic genus Achnanthes to more than 25% of the entire population does suggest more plant growth and most likely shallower water during most of this interval. Zones W-8 and W-9 (400-250 cal a BP) suggest a return to wetter conditions as evidenced by a spike in the planktic diatom A. ambigua. 
Beaver Lake
High abundances of benthic Gomphonema spp. (averaging ~ 20%) and F. capucina (averaging ~ 30%), combined with relatively high sand influx, suggest dry conditions and low lakestands during B-1 between 3950 and 3800 cal a BP (Figure 6 ). A dramatic reorganization in the diatom flora occurs at around 3800 cal a BP, evidenced by a sudden increase of planktic diatoms. Dominance of planktic small Stephanodiscus species persists for the following 2000 years, suggesting high lake-levels.
Lake-levels gradually fall to intermediate depths during most of B-4 and B-5 between 1800 and 1000 cal a BP, as indicated by decreasing abundances of Stephanodiscus spp., a simultaneous recurrence of Fragilariaceae and other benthic species, and elevated abundances of A. ambigua. The initial drop in lake-level corresponds with changes in sedimentation rate observed in the age-depth profiles (Figure 2) .
During Medieval times (~1000-800 cal a BP, zone B6) the dominance of A. ambigua indicates moderately shallow conditions and extensive wind-driven mixing, and an increase in sand size at ~900 cal a BP is consistent with the hypothesis of local eolian activity caused by drought. The subsequent increased abundance of Fragilariaceae and Nitzschia spp. (zone B-7) suggest a reduction in lake-levels and possibly a higher abundance of aquatic macrophytes. The most recent ~130 years of the record are characterized by a rise of S. niagarae, which may be related to anthropogenically induced nutrient enrichment associated with agricultural expansion in the region.
Swan Lake
The bottom 15 cm of the Swan Lake vibracore consists of sandrich peat. Above sit dune-derived sands with a few thin organic laminae. These deposits of zones S-1 and S-2, which are more than 90 cm thick and represent 450 years in time (3710-3260 cal a BP), provide unequivocal evidence for eolian activity related to drought. Diatoms were found only in two organic layers of S-1 at ~3650 cal a BP and consisted mainly of benthic Naviculoids. Examination of the diatom assemblage and weight % sand profile (Figure 7 ) above the sand unit (zone S-3) indicate that dry conditions prevailed for the following ~300 years, although water availability increased, and the lake was established during this time. This interval (~3250-2900 cal a BP) is characterized by the only significant occurrences of F. capucina var. mesolepta and Hantzschia amphioxys. The former is alkaliphilous and mainly occurs at relatively high pH (>7) (Krammer and Lange-Bertalot, 1988) , while the epipelic H. amphioxys often extends into the subaerial habitats of soils (Round et al., 1990) . The occurrences of these species suggest very shallow conditions or perhaps an ephemeral wetland. Lake-levels became consistently higher and, by 2900 cal a BP, the diatom community reflects deeper conditions with plankton averaging nearly 50% (zone S-4). At ~2500 cal a BP, sand concentrations decreased to about 50% and continued to decline until about 1600 cal a BP. During this time (zone S-5), abundances of A. granulata, S. minutulus and benthic diatoms dropped significantly. The planktic community, averag- ing 60% of the entire assemblage, is predominantly made up of A. ambigua, indicating low-light conditions and high Si/P ratios (Anderson, 2000) . Tychoplanktic species become more prominent between 2150 and 1600 cal a BP, as does F. tenera, which is extremely efficient under low-phosphorus conditions (Interlandi et al., 1999) . This shift in the diatom community suggests lower phosphorus recycling from the sediments either due to weaker winds and/or elevated water depth. Overall, benthic diatoms with shallow water optima, such as Gomphonema spp. are the dominant group between ~1600 and 850 cal a BP. Conditions were probably dry, and abundant attached diatoms indicate macrophytes likely were flourishing. A relatively brief interval at the top of zone S-6, between 1350 and 1250 cal a BP, is characterized by high abundances of A. ambigua, signifying higher effective moisture during this time. This is followed by the appearance of moderate percentages of A. distans, a planktic species absent from the calibration set, which suggests low alkalinities and shallow water (Brugam and Swain, 2000) , perhaps as a result of reduced groundwater input.
At ~850 cal a BP (zone S-8), sand input increased drastically, which suggests regional eolian activity at the time of the MCA. OSL ages of a discrete sand layer further up-section date to 670 ± 45 a BP. Overall, this event coincides with lower diatom diversity and abundance suggesting low effective moisture (Rusak et al., 2004) . However, planktic species dominate for most of the zone. In particular small Stephanodiscus spp., Cyclotella spp., and A. granulata simultaneously increase with the sharp rise of sand input at the onset of S-8, suggesting that despite the eolian activity, lake-levels remained relatively stable. The period from 850 to 250 cal a BP (zones S-8 and S-9) is, for the most part, dominated by planktic species, including S. minutulus and A. ambigua, which overall suggests moderate lake-depth. During this period, two major sand influxes briefly interrupt the dominance of planktic diatoms and suggest brief pulses of eolian activity.
Spatial and temporal patterns of variation
The paleolimnological reconstructions from the five sites show that the climate of the last 4000 years was hydrologically complex in this region, with large oscillations in lake-levels. The sites show a moderate degree of coherency in magnitude and pattern of change on long temporal scales, but it is difficult to reconcile the fine-scale (decadal to multi-decadal) behavior of the records, in part because of differences in resolution and age models (Figures 8 & 9) . Spectral analysis from all sites (Schmieder, 2009 ) did not reveal any clear evidence for common periodicities among the sites, nor did the analysis of individual sites show well-defined frequencies related to common climate forcing, such as solar variability (Bond et al., 2001) or oscillatory modes of sea-surface temperature variation, such as the Pacific Decadal Oscillation . None-the-less the overall coherence in timing of major shifts in the lake systems suggests that the lakes are responding to large-scale forcing factors, likely related to climate. The five lakes investigated in this study are within a uniform physiographic region, however, they span a strong regional gradient in effective moisture, which has the potential to produce spatial variation in drought. In fact, mean precipitation records from 1971-1990 for climate stations closest to each of the lakes indicate a difference of more than 100 mm between Swan Lake in the east (597 mm) and Round Lake in the west (479 mm) (http://www.nebraskaclimateoffice.unl.edu/). Effective moisture may have always been higher in the eastern part of the Sand Hills during the Holocene. However, trends and internal stratification of linear dunes in the Sand Hills suggest large-scale wind shifts during the MCA, whereby moist southerly flow from the Gulf of Mexico was replaced by dry southwesterly winds . As a result, the predominant moisture source was reduced, and the modern E-W precipitation gradient may have been altered. Similar shifts in wind direction and moisture transport may have occurred at other periods in the past and played a role in producing intervals of major drought.
Nine major changes in lake-level are synchronous at two or more sites in a spatially coherent pattern based on the diatom zonation (Figure 8 ). Synchronous shifts in diatom community structure are apparent for the two most recent episodes of inferred drought (150 and ~600 cal a BP) in all lakes but East Twin Lake, which lacks the top portion of the sediment core. At ~820 cal a BP a shift is evident in all lakes except the Twin Lakes. Similarly, at ~980 cal a BP a shift is documented everywhere but East Twin Lake. At 1200 cal a BP, changes occur exclusively in the western lakes (Round, Twin Lakes), but not in Beaver and Swan Lake. In contrast, at 2050 cal a BP, eastern sites show simultaneous changes in the diatom community structure but not Round Lake and West Twin Lake. At 2500 cal a BP Round, East Twin and Swan Lakes show synchronous floral change, and synchronous change occurs at 3300 and 3800 cal a BP at all sites. In general, the similar patterns in hydrologic behavior of Twin Lakes and Round Lake in comparison with Beaver and Swan Lake at ~2050 and 1200 cal a BP suggest an E-W gradient in response. Between 1000 and 900 cal a BP and at around 800 cal a BP, changes in the diatom community and inferred lake-levels appear slightly earlier in the more western sites.
In a few cases, the lakes do not exhibit clear spatial patterns or temporal synchrony. These individualistic responses may be related to the dune topography and slope discontinuities (Gosselin et al., 1999) , as well as lake location in relation to the groundwater flow paths (Gosselin et al., 2006) . Over time, dune blockages can raise the water table and lake-levels during extended drought periods (Loope et al., 1995; Mason et al., 1997) in areas where the geomorphology is suitable. Thus, localized dune migration(s) at individual sites may have changed the depth to groundwater and/or patterns of groundwater flow thereby producing changes in lake-level that are not evident in other systems. As a result of such localized influences, hydrologic changes may be related to changes in effective moisture in complex ways (Digerfeldt et al., 1993; Fritz et al., 2000; Telford et al. 1999) , and it is necessary to carefully examine multiple sites, as well as calibrate and model lake dynamics, in order to better constrain the nature of climate change based on lake records (Fritz, 2008) .
Comparison of lake sites with other regional records of climate change, particularly eolian records
Several reconstructions of regional eolian history are available for the Sand Hills region. Nicholson and Swinehart (2005) describe findings from a single location (Jumbo Valley), an interdunal wetland about 7 km east of Round Lake and 1 km west of the Twin Lakes (Nicholson and Swinehart, 2005) . Goble et al. (2004) and Miao et al. (2007) utilized multiple sites across the Sand Hills region for their reconstructions and present composite trends. Like the lake records, the eolian records show spatial variability in the timing of inferred drought. For example, the period from ~2200 to 1000 cal a BP was a time when dunes were relatively stable according to Miao et al. (2007) , whereas eolian activity was reported from Jumbo Valley (2100-1800 cal a BP, see Figure 1 ). In any case, our records are in broad agreement with the existing upland dune record of the Sand Hills (e.g. Miao et al., 2007;  Figure 10 ).
The diatom-inferred lake-level curves and a composite zscore curve show higher frequency variability in the regional climate than evident in the eolian studies. In particular between 4000 and 2200 cal a BP, our study suggests five distinct drought events of multi-decadal scale and two droughts of multi-centennial scale, whereas the eolian compilations report only two broad arid intervals during the same period (Nicholson and Swinehart, 2005; Miao et al., 2007) . The lake-level reconstructions also show that in between these multi-decadal to centennial-scale arid periods were equally long discrete wet phases. The eolian syntheses (Miao et al., 2007) suggest limited eolian activity from ~2200 to 1200 cal a BP, and this correlates with a period of less frequent and shorter intervals of lake-level decline. The lake records indicate droughts at ca 2000-1900, 1650-1450, 1400 , and 1300 cal a BP, occurring during a period of overall higher lake-levels and effective moisture. The comparison of lake and eolian records from 2200 to 1200 cal a BP suggests that the duration and/or frequency of Figure 9 . Z-scores of diatom-inferred lake-level histories of all lakes with 20 year interpolated sample spacing for the entire 4000 year record. Vertical lines depict mean depths. Lake-depths to the left of the lines represent inferred intervals of low effective moisture (drought); everything to the right side of the line reflects inferred high effective moisture and wetter conditions. Shaded intervals represent times of drought, and unshaded intervals indicate wetter periods. Arrows represent coherent shifts in diatom assemblages according to the diatom zonation (see Figure 8) . (Mason et al. 1997; Goble et al., 2004; Miao et al., 2005 Miao et al., , 2007 , as well as with a number of other regional and continental paleoclimatic records. The number of vertical gray bars is based on time equivalent events of both lake-level fall and increased sand input across multiple sites. OSL ages from Goble et al. (2004) and Forman et al. (2008) are shown with error bars, while droughts inferred from OSL ages from Miao et al. (2007) are represented by horizontal bars identical to those from wetland studies (Dean, 1974 and Nicholson and Swinehart, 2005) . The bottom graph compares results of this paper with the PDSI record of the north-central Sand Hills and the ostracode-derived Mg/Ca data from South Dakota for the last 1200 cal yr BP. drought may have not been sufficient to mobilize dunes on a large-scale. The last 1200 a of the lake records suggest higher frequency variability in the climate relative to the period prior to 2200 cal a BP, with at least three spatially coherent drought episodes (Figure 9 ), and at least seven more locally restricted drought episodes (Figure 10 ). Within this period, the most recent interval of widespread eolian activity was the MCA from ~1000 to 750 cal a BP, and all the lake sites show lake-level decline in this interval, confirming evidence of substantial regional declines in the water table.
Other records from the Great Plains and Western U.S.
In general, prior to ~4000 years BP, the mid-continent was more arid and also warmer than today Dean et al., 1996) . Higher effective moisture in combination with cooler temperatures characterized the region afterward (Webb et al., 1993) . Despite a cooling trend and higher effective moisture, a variety of proxy climate data indicate that severe droughts affected much of the western United States and the Great Plains during the last few thousand years (e.g. Laird et al., 1996 Laird et al., , 1998 Laird et al., , 2007 Woodhouse and Overpeck, 1998; Forman et al., 2001; Daniels and Knox, 2005) . The dominant moisture fluctuations documented in this study appear to have affected a large portion of mid-continental U.S. over the last 4000 years. Specifically, a widespread geographic distribution is apparent for droughts that occurred between 4000-3000, ~1500, ~1200, and 1000-700 cal a BP (Figure 10) .
During the last 2000 years, widespread and extensive drought has been reported from multiple sites across western America, including documented eolian activity in the central and northern Great Plains (Forman et al., 2000) that overlaps in timing with the inferred lake-level declines in the Nebraska Sand Hills. Radiocarbon ages from paleosols of the Minot Dune Field in north Dakota places the oldest recognized dune event just prior to 1300-1100 cal a BP, with two subsequent younger dune migration events at about 1000 and 600 cal a BP (Muhs et al., 1997) . In northeastern Colorado, paleosols found within eolian sands provide evidence for eolian activity at around 1400, 1050, and 900 cal a BP (Madole, 1995; Muhs et al., 1997) .
It is difficult to confidently compare high-frequency (decadal to multi-decadal) late-Holocene variability in the Nebraska lake records to other high-resolution lake and tree-ring records, because of the inherent errors associated with radiocarbon derived chronologies. Nonetheless, the major dry periods inferred from the Sand Hills lakes during the last ~2000 years in most cases correlate well (Figure 10 ) with dry intervals inferred from diatom-inferred salinity reconstructions and ostracode-Mg/Ca ratios from lake sediments in the northern Great Plains (Laird et al., 2003; Shapley et al., 2005) . with the increased influx of eolian-derived clastic material in sediments of Elk Lake in north-central Minnesota centering around 800 cal a BP (Dean et al., 1996) ; and with drought reconstructions from the north-central Sand Hills and other parts of the Western US Cook and Krusic, 2004) . Evident in all of these records are the prominent Medieval droughts between 1000 and 700 cal a BP (sometimes called megadroughts) that extended across much of the western United States .
The Sand Hill lake records suggest that climate of the last ~1300 years may have been wetter in the Western part of the region and drier in the central and eastern Sand Hills relative to prior times (Figure 10 ). Although this inference is based on a limited number of sites, the increased moisture during the last ~1300 a in Westernmost Nebraska resembles the pattern evident in lacustrine high-resolution records of drought variability from the northern Rocky Mountain region, an area that is more strongly influenced by Pacific moisture sources. At Foy Lake in eastern Montana, consistently lower lake-levels occurred between 2300 and 1300 cal a BP and generally higher lake-stands were present between 1300 cal a BP to the present (Stevens et al., 2006) . Similarly, two lake records in the Beaverhead Mountains of western Montana, as well as Crevice Lake in Yellowstone National Park, showed higher effective moisture after ~1300 cal a BP (Bracht et al., 2008; Bracht, 2010) . Thus, there is a suggestion of an overall increase in precipitation during the last approximately thousand years in regions influenced by Pacific moisture sources.
Similarities in the duration and frequency of diatom-inferred hydrologic events between Sand Hills lakes and other records of the Great Plains are apparent, and we can propose correspondence of major climatic events in the regional record with some confidence.
Although a spectral analysis did not clearly reveal any frequencies related to oscillatory patterns of sea-surface temperature variation, the mechanisms behind these climatic fluctuations are probably related to changes in the Pacific and Atlantic sea-surface temperatures that altered atmospheric circulation patterns across America (McCabe et al., 2004; Seager et al., 2007) . The east-or southward migration of the North Atlantic subtropical high-pressure ridge ("Bermuda High") was likely responsible for the replacement of moisture-laden southerly winds from the Gulf of Mexico with dry southwesterly winds in the Sand Hills during the MCA , and it is likely that similar changes in wind regimes played a key role in earlier Holocene droughts across the Great Plains.
Conclusions
Our synthesis of multiple sites across the Nebraska Sand Hills indicates that droughts of varying intensity and frequency have been a common feature in this region for at least the last four thousand years. Though complex and locally variable, these records can begin to answer questions about regional drought during the Holocene.
Are there common intervals of change among the five study sites?
If so, do they show similar changes or site-specific responses?
Our study shows that the majority of large-scale multi-centennial shifts exhibit regional coherency, albeit of varying magnitude and duration. In some intervals of time the eastern lakes show a response that differs from the western sites, which suggests that the pattern of the east to west precipitation gradient varied through time. There is considerably more spatial variability at decadal to multi-decadal scales, which may reflect spatially variable precipitation patterns or alternatively differences in hydrological setting and the response of local hydrology to changing dune morphology and effective moisture. Centennial-scale droughts were more frequent prior to 2000 cal a BP, while the last 2000 years exhibited more highfrequency variability with generally shorter drought periods.
How do these lake records compare with other regional records of climate change, particularly the eolian records?
Overall, the eolian drought record of the Sand Hills is broadly consistent with our results, in particular with respect to the larger-scale "megadroughts". However, this study provides a continuous record spanning the last 4000 years at a much higher resolution. As a result, we were able to identify a number of regionally coherent shorter-term droughts, which did not necessarily lead to dune mobilization. Such "minidroughts" have therefore not left any significant records in eolian sediments.
How do these records relate to other records from the Great Plains and Western U.S., and what does this suggest about environment and climate?
Similarities in duration and frequency of diatom-inferred hydrologic events between Sand Hills lakes and other records from the Great Plains are apparent. Lacustrine high-resolution records from the northern Rocky Mountain region of the U.S. show trends that are more similar to the westernmost sites in our study area, and these records collectively suggest an overall increase in precipitation during the last thousand years or so in regions predominantly influenced by Pacific moisture sources. Overall, our findings refine the existing upland drought record in the Sand Hills and improve our understanding of lateHolocene climate variability across the region. At the same time, this study raises awareness of the complex hydrologic settings in the Sand Hills lakes and their intimate relationship to the stability of the surrounding dune landscape.
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